High molecular weight penicillin-binding proteins (PBPs) are responsible for the biosynthesis of peptidoglycan. In Escherichia coli, PBP1a and PBP1b form multienzyme peptidoglycan-synthesizing complexes with outer membrane lipoproteins LpoA and LpoB, respectively. The two complexes appear to be largely redundant, although their distinct physiological roles remain unclear. PBP1a/LpoA and PBP1b/LpoB also exist in Shewanella oneidensis strain MR-1, but effects of the two complexes on aerobic growth and β-lactam resistance are quite different. In this study, the phenotypes of strains lacking a certain complex in S. oneidensis were compared. Deletion of PBP1a/LpoA caused aberrant cell morphology (including branches and bulges), enhanced sensitivity to various envelope stresses and outer membrane permeability. On the contrary, strains lacking PBP1b/LpoB displayed phenotypes similar to the wild type.
INTRODUCTION
The bacterial cell envelope is the outmost structure that differs between Gram-negative and Gram-positive bacteria. The Gram-negative cell envelope is composed of three layers: the outer membrane, the peptidoglycan and the inner membrane. The outer membrane is an asymmetric lipid bilayer that embeds many lipoproteins in the inner leaflet. The peptidoglycan is made up of polysaccharide strands of alternating N-acetylglucosamine and N-acetylmuramic acid, which are cross-linked by short peptides. The inner membrane is a typical phospholipid bilayer also with many embedded proteins (Silhavy, Kahne and Walker 2010) .
The net-like peptidoglycan is required for bacteria to maintain the cell shape and resist various stresses. The peptidoglycan synthesis is mediated by high molecular weight penicillinbinding proteins (PBPs) and SEDS (shape, elongation, division and sporulation) protein RodA (Typas et al. 2012; Meeske et al. 2016) . PBPs are named by their ability to covalently bind to β-lactam antibiotics, and are further divided as class A and class B. Class A PBPs are bifunctional enzymes and have both glycosyltransferase and transpeptidase domains, whereas class B PBPs only have transpeptidase domain. As a model for Gramnegative bacteria, Escherichia coli possesses three class A PBPs: PBP1a, PBP1b and PBP1c. Among them, PBP1a and PBP1b form Yin et al. (2015) multienzyme peptidoglycan-synthesizing complexes with outer membrane lipoproteins LpoA and LpoB, respectively (ParadisBleau et al. 2010; Typas et al. 2010) . The two lipoproteins are essential for activities of their cognate PBP1 in vivo (Lupoli et al. 2014) . The PBP1a/LpoA and PBP1b/LpoB complexes are interchangeable, but at least one complex is required for bacterial cell survival (Paradis-Bleau et al. 2010; Typas et al. 2010) . In addition to E. coli, two PBP1/Lpo complexes have been characterized in Vibrio cholerae (Dörr et al. 2014) . Although two complexes appear to be largely redundant, the phenotypes of strains lacking one complex are not identical. For example, inactivation of E. coli PBP1b/LpoB and V. cholerae PBP1a/LpoA significantly increases the susceptibility to β-lactams, whereas loss of another one has no effect on the β-lactams resistance (Paradis-Bleau et al. 2010; Dörr et al. 2014) . Recently, we found PBP1a/LpoA and PBP1b/LpoB complexes also in Shewanella oneidensis strain MR-1, the representative species of Shewanella genus (Yin et al. 2015) . Inactivation of PBP1a/LpoA, but not PBP1b/LpoB, drastically enhances β-lactamase expression in the absence of inducer, rendering the bacterium with hyperresistance to many β-lactams. Moreover, strains lacking PBP1a/LpoA display significant growth defect in Lysogeny Broth (LB) medium (Yin et al. 2015) . However, apart from these, the physiological roles for two complexes remain largely unclear in S. oneidensis.
In this study, we compared the phenotypes of strains lacking PBP1a/LpoA or PBP1b/LpoB in S. oneidensis, including cell morphology, sensitivity to hypo-osmotic stress and sodium dodecyl sulfate (SDS), and outer membrane permeability. We found that deletion of PBP1a/LpoA compromises cell envelope integrity.
MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions
Bacterial strains and plasmids used in this study are listed in Table 1 . Sequences of primers used in this study are given in Table S1 (Supporting Information). S. oneidensis and E. coli cells were grown in LB (containing 1% tryptone, 0.5% yeast extract and 0.5% NaCl) at 30
• C and 37
• C, respectively. When necessary, the medium was supplemented with 0.3 mM 2,6-diaminopimelic acid, 15 μg/mL Gentamycin (Gm) and 50 μg/mL Kanamycin. For culturing the complemented strains of mrcA and lpoA ( mrcA C and lpoA C ), 20 μg/mL arabinose (Ara) was added to induce expression of the corresponding gene.
In-frame deletion mutagenesis
In-frame deletion strains were constructed according to the attbased fusion PCR method as described previously (Jin et al. 2013) . In short, two flanking fragments of the target gene were amplified, and then joined together by fusion PCR. The fusion fragment was introduced into plasmid pHGM01 by site-specific recombination using BP Clonase (Invitrogen, Shanghai, China) and transformed into E. coli strain WM3064. The recombinant plasmid was transferred into S. oneidensis strain by conjugation. Integration of the mutagenesis construct into chromosome of S. oneidensis was selected by Gm resistance and confirmed by PCR. Verified transconjugants were grown in LB broth without NaCl and plated on LB supplemented with 10% sucrose. Gm-sensitive and sucrose-resistant colonies were screened and confirmed by PCR for deletion of the target gene.
Microscopy
S. oneidensis strains were cultivated to the mid-logarithmic (OD 600nm of 0.4) and stationary phase (OD 600nm of 1.2), respectively. After stained by methylene blue, the cell morphology was observed with a Motic BA310 light microscope (Motic, Xiamen, China). Micrographs were captured with a Moticam 2306 charged-coupled-device camera.
Spotting assay
The spotting assay was used to evaluate the susceptibility of S. oneidensis strains to hypo-osmotic stress, SDS and vancomycin. Overnight bacterial cultures were subcultured 1:100 in 3 mL fresh LB and grown to an OD 600nm of 0.6 at 30
• C with 200 rpm shaking. A decimal dilution series was prepared, and then 3 μL of each dilution was spotted onto LB plates (containing 85 mM NaCl), LB plates minus NaCl, LB plates minus NaCl plus 10% sucrose, and LB plates supplemented with 2% SDS or 50 μg/mL vancomycin. The plates were incubated for 18 h at 30 • C and then photographed.
Cell growth with NaCl
Overnight cultures were diluted 1:100 in 3 mL fresh LB broth with NaCl at 85, 42, 21, 10 and 0 mM. The OD 600nm was recorded after incubation for 8 h at 30
• C with 200 rpm shaking. The percentage of growth for each strain was calculated as the ratio of the experimental group to the control group (standard LB broth containing 85 mM NaCl). The experiment was performed in triplicate, and a representative result was shown in the text.
1-N-Phenylnaphthylamine uptake assay
The hydrophobic fluorescent probe 1-N-phenylnaphthylamine was used to assess the outer membrane permeability as described (Wu et al. 2016) . In brief, logarithmic-phase bacterial cells were adjusted to an OD 600nm of 0.5 with 5 mM HEPES buffer (pH 7.2). 
RESULTS
PBP1a
− and LpoA − cells show aberrant morphology S. oneidensis possesses two multienzyme peptidoglycansynthesizing complexes PBP1a/LpoA (encoded by mrcA and lpoA, respectively) and PBP1b/LpoB (encoded by mrcB and lpoB, respectively) (Yin et al. 2015) . Given that peptidoglycan is essential for maintaining cell shape in bacteria, cell morphology might be affected in strains lacking a PBP1/Lpo complex. To test this, the cell morphology of the wild type, mrcA, lpoA, mrcB and lpoB strains were observed under light microscopy ( Fig. 1) . The mrcB and lpoB cells displayed typical rod-shaped morphology at mid-logarithmic phase (OD 600nm ≈ 0.4), identical to that of the wild type strain. On the contrary, although most cells of the mrcA and lpoA strains retained the rod shape, aberrant cell shapes (including branches and bulges) were also observed. Strains lacking PBP1a and LpoA simultaneously ( mrcA lpoA) also displayed aberrant cell morphology. When the cells reached stationary phase (OD 600nm ≈ 1.2), the wild type, mrcB and lpoB strains became short rod shaped. Notably, almost all cells of the mrcA, lpoA and mrcA lpoA strains became spherical in this phase. In addition, the genetically complemented strains of mrcA and lpoA ( mrcA C and lpoA C ) harboring a copy of mrcA and lpoA under the control of araBAD promoter (P BAD ), respectively (Yin et al. 2015) , retained the normal rod shape in the presence of Ara, suggesting that the aberrant morphology is due to the mutation.
It has been reported that V. cholerae mrcA mutant displayed normal rod shape during exponential phase but became spherical in stationary phase, which partially resulted from the accumulation of D-amino acids, especially D-Met and D-Leu (Lam et al. 2009 ). To test whether D-amino acids govern the rod-to-sphere shape transition in S. oneidensis, the impact of two D-amino acids on cell morphology was investigated. Neither D-Met nor D-Leu (1 mM) affected the rod shape of mrcA during exponential phase (Fig. S1, Supporting Information) . However, the addition of stationary phase supernatants to exponentially growing mrcA cells moderately increased the proportion of spherical cells within 45 min (Fig. S1, Supporting Information) . Thus, it is unlikely that cell shape in S. oneidensis is determined from the accumulation of D-Met and D-Leu, but other stationary phase specific factors may be involved in sphere induction. Our results also demonstrated that irregular cell shapes were observed under all growth phases, suggesting that cell wall is intrinsically impaired in the strains lacking PBP1a/LpoA.
− and LpoA − cells are sensitive to osmotic stress When the mrcA strain was used as the recipient cell to construct the double mutant mrcA lpoA strain, the transconjugants ( mrcA strain harboring the recombinant plasmid) had reduced ability to grow in LB broth minus NaCl. The susceptibility of the mrcA, lpoA, mrcB, lpoB and mrcA lpoA strains to hypo-osmotic stress was tested using the growth spotting assay (Fig. 2) . The wild type, mrcB and lpoB strains were unaffected in the absence of NaCl. In contrast, the mrcA, lpoA and mrcA lpoA strains failed to grow in the medium without NaCl. Notably, the growth defect of the strains lacking PBP1a/LpoA under hypo-osmotic conditions was fully recovered by the adding of 10% sucrose, a common compatible solute (Fig. S2 , Supporting Information). In addition, the expression of the mrcA and lpoA genes under the control of P BAD promoter regained the ability to grow in the absence of NaCl (Fig. 2) .
The growth of these strains in the presence of different NaCl concentrations was evaluated. After incubation for 8 h, OD 600nm was measured (Fig. 3) . Compared to growth in standard LB broth (containing 85 mM NaCl), the growth of wild type, mrcB and lpoB strains were rarely affected when exposed to NaCl at other tested concentrations. In contrast, growth of the mrcA, lpoA and mrcA lpoA strains was significantly decreased with NaCl lower than 42 mM. Especially, growth of the three mutant strains Figure 2 . Growth of S. oneidensis strains on Petri dishes. Cells of late-logarithmic phase (OD600nm of 0.6) were diluted 10×. Three μL of each dilution was spotted onto LB plates (containing 85 mM NaCl), LB plates minus NaCl and LB plates supplemented with 2% SDS. The plates were incubated for 18 h at 30
• C and then photographed. mrcA C and lpoA C represent the mrcA and lpoA strains, respectively, complemented with pHGC02 harboring a copy of the corresponding S. oneidensis gene in trans.
Arabinose (20 μg/mL) was added to induce expression of the corresponding gene. was almost completely inhibited in the presence of 10 mM NaCl. Consistently, the growth of the complemented strains was increased when supplemented with 20 μg/mL Ara. These data, collectively, suggest that the PBP1a/LpoA complex is essential for survival in hypo-osmotic stress.
− and LpoA − cells are sensitive to SDS
The susceptibility of S. oneidensis strains to SDS was investigated by using the growth spotting assay. Similar to the wild type, growth of the mrcB-deleted mutant strain was unaffected after exposure to SDS. Deletion of lpoB moderately increased the susceptibility to SDS. And notably, strains lacking PBP1a and LpoA were extremely sensitive to SDS, which could be fully reversed by expression of mrcA and lpoA respectively (Fig. 2) . Therefore, PBP1a/LpoA complex is also required for surviving SDS.
Deletion of PBP1a and LpoA increases outer membrane permeability
The phenotypes observed indicated that strains lacking PBP1a/LpoA had a weaker peptidoglycan than the wild type and strains lacking PBP1b/LpoB. Inactivation of lytic transglycosylases, a class of peptidoglycan hydrolases, increases outer membrane permeability of Stenotrophomonas maltophilia (Wu et al. 2016) . Combined with our results, we supposed that deletion of PBP1a/LpoA might affect outer membrane permeability in S. oneidensis. Because of the outer membrane barrier, glycopeptides antibiotics such as vancomycin cannot significantly entry into the Gram-negative bacterial cells. Defective outer membranes result in increased sensitivity to vancomycin (Wu et al. 2016 ). Therefore, the susceptibility of S. oneidensis strains to vancomycin was determined (Fig. 4) . Compared to the wild type strain, deletion of PBP1b/LpoB slightly increased vancomycin susceptibility, whereas loss of PBP1a/LpoA significantly enhanced the susceptibility to vancomycin. Notably, strains lacking PBP1a/LpoA completely lost the ability to grow in LB plates supplemented with 50 μg/mL vancomycin. However, the complemented strains of mrcA and lpoA mutant forms restored the resistance to vancomycin in the presence of Ara.
The fluorescent probe 1-N-Phenylnaphthylamine was used to visualize the outer membrane permeability (Wu et al. 2016) (Fig. 5) . Compared to that in the wild type, the fluorescence emitted was significantly enhanced in strains lacking PBP1a/LpoA but not PBP1b-LpoB. Moreover, controlled expression of mrcA and lpoA strikingly reduced the fluorescence of mrcA and lpoA strains, respectively. Taken together, these results demonstrated that deletion of PBP1a/LpoA enhanced the outer membrane permeability.
DISCUSSION
The PBP1a/LpoA and PBP1b/LpoB complexes are apparently interchangeable for peptidoglycan biosynthesis. Nevertheless, the biological roles of the two complexes are quite different. Deletion of PBP1a/LpoA but not PBP1b/LpoB affects cell growth and the resistance to β-lactam antibiotics in S. oneidensis Figure 4 . Loss of PBP1a/LpoA increases the sensitivity to vancomycin. Cells of late-logarithmic phase (OD600 of 0.6) were used to prepare a 10× dilution series. Each dilution (3 μL) was spotted onto LB plates with and without 50 μg/mL vancomycin. The plates were incubated for 18 h at 30
• C and then photographed. Cells of logarithmic-phase were adjusted to an OD600nm of 0.5 with 5 mM HEPES buffer (pH 7.2). Then, 15 μM 1-N-Phenylnaphthylamine was added. The fluorescence was monitored every 2 min by a SpectraMax M5 microplate reader at excitation and emission wavelengths of 355 and 402 nm, respectively. P values were calculated using Student's t-test by comparing mutants to wild type strains. * , P < 0.01; * * , P < 0.001. (Yin et al. 2015) . Here strains lacking PBP1a/LpoA display pleiotropic phenotypes, which are not observed in strains lacking PBP1b/LpoB. Loss of PBP1a/LpoA results in an aberrant cell morphology, enhanced sensitivity to various envelope stresses and outer membrane permeability. It is possible that PBP1a/LpoA plays a more important role than PBP1b/LpoB in maintaining cell envelope integrity in S. oneidensis. The phenotypes of strains lacking either PBP1a/LpoA or PBP1b/LpoB are not identical in other Gram-negative bacteria. In V. cholerae, deletion of PBP1a/LpoA retards cell growth in minimal medium and enhances sensitivity to bile acids and β-lactams (Dörr et al. 2014) . Similarly, E. coli strains lacking PBP1b/LpoB are hypersensitive to β-lactams that is not observed for PBP1a/LpoA mutant strains (Paradis-Bleau et al. 2010). It seems that the biological roles of S. oneidensis PBP1a/LpoA are comparable to V. cholerae PBP1a/LpoA and E. coli PBP1b/LpoB. They play more prominent roles than the remaining PBP1/Lpo complex.
In V. cholerae, deletion of mrcA (encoding PBP1a) results in rodto-sphere shape transition during the stationary phase, which is governed by the accumulation of D-amino acids (Lam et al. 2009 ). Consistently, we found that strains lacking PBP1a/LpoA exhibit aberrant cell morphology in S. oneidensis, especially at the stationary phase. However, irregular cell shapes can be observed also at the mid-logarithmic phase. Moreover, although stationary phase supernatants moderately increased the proportion of spherical cells, the addition of D-Met and D-Leu does not affect the cell shape. Therefore, other stationary phase specific factors may be involved in sphere induction, and the molecular mechanism of PBP1a-mediated cell shape convention in S. oneidensis is distinct from that in V. cholerae.
PBP1a/LpoA multienzyme complex is responsible for peptidoglycan biosynthesis. However, our results indicate that loss of PBP1a/LpoA compromises cell envelope integrity in S. oneidensis. It has been reported that inactivation of lytic transglycosylases, a class of peptidoglycan degrading enzymes, increases outer membrane permeability in Pseudomonas aeruginosa and S. maltophilia (Lamers et al. 2015; Wu et al. 2016) . Therefore, the function of cell envelope could be affected by the disturbance of peptidoglycan homeostasis in Gram-negative bacteria.
PBP1a and PBP1b are the targets of β-lactam antibiotics. Loss of E. coli PBP1b/LpoB and V. cholerae PBP1a/LpoA leads to a hypersensitivity to some β-lactams, which is partially caused by different affinities between the remaining PBP1 and β-lactams (Paradis-Bleau et al. 2010; Dörr et al. 2014) . In contrast, deletion of S. oneidensis PBP1a/LpoA derepresses the expression of BlaA β-lactamase, conferring the bacterium with hyperresistance to penicillins (Yin et al. 2015) . The regulatory mechanism of PBP1a-mediated β-lactamase expression remains to be elucidated. Given that two component systems (TCSs) for direct sensing of β-lactams (VbrKR) or cell wall damage (WigKR) have been identified in Vibrio (Dörr et al. 2016; Li et al. 2016) , it is reasonable that inhibition of PBP1a by β-lactams compromises cell envelope integrity, which is then monitored by an unknown TCS to induce the expression of BlaA (Yin et al. 2018) .
